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Abstract: Fe-based composite coating doped well-dispersed titanium boride (TiB,) and carbon
nanotubes (CNTs) was fabricated via combined ball milling, spray drying, plasma
spheroidization and high velocity air fuel (HVAF) spraying. The microstructure evolution of
composite powders and coating, the tribological and corrosion behavior of Fe-based metallic,
Fe-TiB, cermet and (Fe-TiB,)/CNT composite coatings were investigated. The results show
that doping 50 vol. % TiB,, especially further doping 2.5 vol. % CNTs could remarkably render
the coating favorable microstructure with low porosity, enhanced hardness and fracture
toughness, and superior wear and corrosion resistance. Mild oxidative and slight abrasive
wears were the dominant wear mechanism, and the preferential corrosion was occurred at the
pores, inter-splats and then the TiB,-Fe interfaces.

1. Introduction

Wear and corrosion are two common kinds of failure modes for the mechanical components. To
prolong the service life of workpieces, thermal sprayed protective coatings to their surface have been
proved to be effective. Among the coatings, Fe-based coatings recently have been intensively
investigated for its distinct advantages of low harm and cost [1, 2]. It is noted that quite a few
Fe-based coatings as alternatives have shown their prospects in wear and corrosion properties [3].
However, to meet the ever-increasing demands of modern industry, numerous techniques have been
tried to fabricate high performance Fe-based coatings. So far, quite a few attempts such as optimizing
the spray parameters [4, 5], powder size [6, 7] and spray methods [8], doping second phase [9-11] or
achieving nanostructured microstructure [12, 13] were proposed to enhance the wear and corrosion
resistance of coatings.
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Among them, introduction of second phase into the coating is regarded as a more efficient method
due to the synergistic effects of reinforcements. In term of the Fe-based metallic coating, it needs to
add high hardness second phase to improve its resistance to aggressive environments. Both the
titanium diboride (TiB>) and carbon nanotube (CNT) were well-known for their super high hardness or
strength, which shows great potential as reinforcements to fabricate composite materials [14, 15].
However, to better achieve their strengthening effect, the preparation of feedstock for spraying is very
crucial. Until now, rare researches have tried to simultaneously dope TiB, and CNTs into the Fe-based
coating, and its strengthening mechanism also needs to be further clarified.

Thus, in this work, Fe-based coating doped with TiB, and CNTs was deposited via high velocity air
fuel (HVAF) spraying. And the effects of the TiB, and CNTs on the microstructure and tribological
and corrosion properties were investigated. In addition, the underlying mechanisms were also
discussed.

2. Materials and methods

2.1 Coatings fabrication

Fe60A self-fluxing alloy powders with a size range from 17 to 49 um, highly purified TiB, powders
with a size range from 3 to 13 um and graphitized multi-walled CNTs with a diameter of 10-20 nm
and length of 5-30 pm were employed as starting materials. Firstly, ball milling was utilized to get the
composite mixture with homogeneous CNTs and TiB; particles. In detail, 50 vol. % TiB, powders,
balance 60A powders and some GCrl5 steel balls, were placed into steel jars to mill for 10 h at 450
rpm to break the powders. Secondly, 2.5 vol. % CNTs and pure ethyl alcohol were added in the above
Fe-TiB, mixture to further mill at 400 rpm for 5 h. To obtained composite powders with analogously
spherical shape and suitable size, spray drying (SD) and plasma spheroidization (PS) treatment were
then employed in this work. Finally, the composite feedstocks were deposited on clean grit-blasted 45
steel plates with dimensions of 60 mm x 40mm X 5 mm. The optimized spraying parameters were
listed in Table 1. In addition, Fe-TiB, cermet coating without CNT addition prepared with above same
process, and sole sprayed Fe-based metallic coating were prepared for comparison purpose.

Table 1 Spraying parameters used in the HVAF process.

Parameters Values
Torch velocity (mm/s) 400
Spraying distance (mm) 180
Powder feed rate (%) 20
Fuel gas pressure (psi) 97/102
Compressed air pressure (psi) 107
Carrier gas pressure (L/min) 68
Number of passes 10
Step size (mm) 5

Air to fuel ratio 1.1

2.2 Characterizations

The morphologies of powders and coatings were observed via field emission scanning electron
microscopy (Nova Nano 430). The detailed microstructure of the (Fe-TiB,)/CNT composite coating
was study with the high resolution transmission electron microscopy (TEM, JEM-3200FS). X-ray
diffraction (XRD) analyses of powders were determined on a Philips X-Pert Pro diffractometer with
Cu-K, radiation source. The particle size distribution (PSD) was measured by laser diffraction system
(Better size 2000LD) with a wet dispersion technique. Image analyzing method was employed to
measure the porosity of the coatings. Microhardness and fracture toughness tests were performed
using a Digital Microhardness Tester on the polished cross sections of coatings under a load of 2.94 N
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and 49 N for 15 s dwell time, respectively. The fracture toughness of coatings were measured by the
Evans and Wilshaw equation [16].

2.3 Wear testing

As for the wear test, all samples with dimensions of 15 mm % 15 mm x 5 mm were polished and
carried out via the SFT-2M type pin-on-disk friction tester at room temperature. ®4 mm Si3Ny balls
were used as the wear counter-face. The test parameters were as follows: 3 mm for radius of rotation,
16 N and 32 N for applied load, 180 m for total sliding distance, and a fixed sliding time of 30 min.
Three repeats were done for the wear test on each coating to make the data reliable. Combined with
the profiles of wear scars, the specific wear rate was calculated by:

2nr-S
N-D

K= M

Where K is the specific wear rate (mm® / N-m); V is the volume loss (mm?®) which equal to 2nr-S; r
is the radius of rotation (mm); and S is the area by integrating the curvilinear function of profiles
(mm?); N is the applied load (N); and D is the total sliding distance (m).

2.4 Electrochemical measurement

The corrosion properties of the coatings were evaluated by using a Potentiostat/Galvanostat
(PGSTAT302N) with standard saturated calomel electrode and platinum auxiliary electrode. The
working electrode was exposed to a circular area with diameter of 10 mm. 3.5 wt. % NaCl aqueous
solutions were used as electrolyte. First, the clean and polished samples were immersed in the solution
for 60 min until the open circuit potential became steady. Potentiodynamic polarization curves were
measured with a potential sweep rate of 0.1 mV/s from -0.1 Vto 1 V.

3. Results and discussion

3.1 Morphology of the SD powders

Fig. 1 shows the surface morphologies of the powders after spray drying. It is observed from Fig. 1a
that most SD powders achieved a favorable shape and size ranged from about 15 to 50 pm. However,
quite a few pores were also found in each powder. Fig. 1b presents the magnified view of one typical
SD powder, revealing that the powder was mainly consisted of broken 60A particles and undeformed
TiB, powders. It is noted that the distribution of CNT (marked in white arrows) was homogeneous.
Thus, after SD process, nearly spherical but relatively loose composite powders with favorable
distribution of TiB; particles and CNTs were acquired.

Z > 1 * = X
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Fig. 1. Morphology of the SD powders: (a) A whole view; and (b) Shows the distribution of the CNTs
and TiB; powders.

3.2 Morphology of the PS powders
Fig. 2 shows the characterized results of the PS powders. Among them, Fig. 2a exhibits that the
powders have mostly achieved a spherical shape, and the pristine pores were disappeared. In addition,
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seen from the backscattered electron image of Fig. 2b, it is found that the powder interior was also
dense, and the TiB, powders were uniformly wrapped into the PS powder. The PS treatment is known
as an effective approach to densify powders via partly or fully remelting and spherify them with
surface tension. Due to the holding time of powders during PS process is very short, thus the good
distribution state of TiB,and CNTs can remain from the SD powders to the PS powders. The XRD
pattern of the PS powders was depicted as Fig. 2c¢. It is indicated that their main phases was austenite,
ferrite and TiB: phase. Lastly, Fig. 2d further confirmed that the PSD of PS powders are +6-43 um,
suggesting a favorable spraying size.
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Fig. 2. Characterized results of the PS powders: (a) A whole view; (b) Cross-sectional microstructure;
(c) XRD pattern; and (d) PSD result.

3.3 Microstructure of the composite coating

Fig. 3 presents the surface and cross-sectional morphologies of the (Fe-TiB,)/CNT composite coating.
Observed from Fig. 3a, the coating exhibited “pancake” morphology with few un-melted particles,
revealing a favorable melting state after doping TiB, and CNTs. Fig. 3b shows that the composite

coating possessed thickness over 250 um, and the TiB, powders were uniformly dispersed in the Fe
alloy matrix.

Fig. 3. Morpholog of the copoite coating: (a) Surface morphology; and (b) Cross-sectional
microstructure.
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Fig. 4 shows the bright field TEM image of the (Fe-TiB,)/CNT composite coating. Fig. 4a exhibits
a typical view that TiB, phase was dispersed in the Fe alloy matrix. To evaluate the interface between
the TiB; and Fe alloy, the corresponding region from Fig. 4a was selected to magnify as shown in Fig.
4b. A lattice spaces of 0.32 nm was measured, which agrees well with that of TiB, (001) plane. It is
worth mentioning that the interface bonding between TiB: and Fe alloy was clean and tight. It is well
known that the interface bond of different phases was a crucial issue for the composite materials [17,
18]. And, the strong interface strength can greatly reduce the failure at the interfaces, and best exert the
synergistic effect of the reinforcements [19].

Fig.4. Microstructure of the composite coatings: (a) Bgteld . and (b) Sowing the
Fe-TiB; interface.

To further compare the properties of the three types of coatings, their microhardness, fracture
toughness and porosity were listed in Table 2. It is indicated that the porosity was greatly reduced with
doped TiB,, especially further doping CNTs. Generally, the formation of pores was occurred along the
inter-splats. Thus, the super high thermal conductivity (about 3000 W/m-K) of CNT can significantly
benefit the melted state of (Fe-TiB,)/CNT composite coating, and then contribute to tight bond
between the inter-splats. In term of the hardness of the coatings, both the introduction of large amount
of small-sized hard TiB, phase (about 34GPa) and the CNTs with super high strength (about 100GPa),
especially in a homogenous state, can increase the resistance of coating to the indentation deformation.
Similarly, the fracture toughness of the coatings also obtained obvious enhancement. Due to the cracks
were commonly initiated at the pores or other fragile regions, the lowest porosity and the
well-dispersed CNTs with ultrahigh Young’s modulus (~1 TPa) render the (Fe-TiB,)/CNT composite
coating the highest fracture toughness. In addition, implied from the table 2, both doped TiB, or CNTs,
the coating roughness was improved.

Table 2 Properties of the coatings prepared by HVAF.

Microhardness  Fracture toughness Roughness

Coating type Porosity (%) (HVo.) (MPa'm'?) (um)

Fe-based metallic 2.80+0.35 368 1.41 3.5+0.4
Fe-TiB, cermet 1.16+0.21 662 3.18 3.0+0.2
(Fe-TiB,)/CNT composite 0.71+0.14 874 4.57 2.4+0.1

3.4 Tribological properties
Table 3 respectively displays the coefficient of friction (COF), volume loss and specific wear rate of
the coatings. It is found that the (Fe-TiB,)/CNT composite coating exhibit superior wear resistance for
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its lowest wear damage. With increased the wear load to 32 N, the composite coating was more
seriously destroyed due to larger wear force.

Table 3 Wear test results of the coatings.

Coating type Load (N) COF Xo(}gn;fnll?)ss (Slp ()eglri;\;vle\?rl .:i‘fle)
Fe-based metallic 16 0.72 28.5+4.8 98.96+2 .4
Fe-TiB; cermet 16 0.46 2.15+0.6 7.47+0.9
(Fe-TiBy)/CNT composite 16 0.67 0.71+0.2 2.47+0.5
(Fe-TiB,)/CNT composite 32 0.52 2.2940.7 7.95+1.1

To reveal the wear mechanism of the (Fe-TiB,)/CNT composite coating, Fig. 5 presents the
backscattered electron image of its worn scars with the wear load at 16 N and 32 N, respectively. The
wear groove seen in Fig. 5a was smooth without obvious ploughing and delamination, revealing the
abrasive wear is slight. However, it is noted that large-scale oxidation was observed in the wear track.
Due to the sequence of oxygen affinity for the elements in this study are Ti > Si > Fe > Cr > Ni. Thus,
the wrapped TiB; can be preferentially oxidized where the wear happened. While worn at 32 N, quite a
few rugged pits were formed (see Fig. 5b). This is because the oxidative wear was aggravated, and the
more delamination further leaded to increase of the wear volume loss. In general, the wear resistance
of the (Fe-TiB,)/CNT composite coating was favorable, even in the higher wear load. The main wear
down mechanisms of the composite coating was mild oxidative and slight abrasive wears.

Fig. 5. Morphology of the worn scars of the composite coating: (a) at 16 N; and (b) at 32 N.

3.5 Corrosion properties

The potentiodynamic polarization curves as Fig. 6 were employed to evaluate the corrosion properties
of the coatings in NaCl solution. It is indicated that the (Fe-TiB,)/CNT composite coating exhibits
much better corrosion properties than the substrate. With the applied potential increased, the
composite coating had a wide passive region with a high potential of pitting initiation. While the
substrate nearly had no passive process, implied it was easy to be corroded. The difference in
corrosion potential and corrosion current density further implied that the coating doped TiB, and CNTs
can greatly prevent the substrate from corrosion invasion. Owing to the pores usually be regarded as
the diffusion channels for electrolyte to cause inner corrosion. Thus, the better corrosion property of
the (Fe-TiB,)/CNT composite coating is ascribed to the dense microstructure with lowest porosity and
the good interface bond of Fe-TiB:.
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Fig. 6. Potentiodynamic polarization curves of the composite coating and the substrate.

0.0

Fig. 7 shows the corrosion morphology of the (Fe-TiB,)/CNT composite coating after the
electrochemical test. It is evident that the pores may be the preferential corrosion sites due to the
storage of corrosion media. And, the corrosion was also occurred at the inter-splats and left some etch
pores. In addition, owing to the distinguished corrosion potentials of TiB, phase and Fe alloy, pitting
was occasionally observed in the coating surface. Thus, the main corrosion failure mechanism of
(Fe-TiB,)/CNT composite coating was pitting at the pores and along the inter-splats or Fe-TiB;
interfaces.

Fig. 7. Morphology of corroded surface about the F e—TiBz)/NT composite coating after
electrochemical test.

4. Conclusions

In this work, (Fe-TiB,)/CNT composite coating were deposited on mild steel via HVAF technique.
And its microstructure evolution of powders, tribological and corrosion behavior were investigated.
The main conclusions are as follows.
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1. Composite feedstocks with uniform TiB, and CNTs were successfully prepared through BM, SD,
PS processes.

2. The introduction of the TiB,, especially the CNTs, can render the coating a lower porosity,
favorable microstructure, improved microhardness and fracture toughness.

3. The (Fe-TiB,)/CNT composite coating obtained superior wear and corrosion resistance.
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